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Introduction
Lyme disease is an infectious zoonotic disease and is emerging in North America (Ostfeld (2011) . In this region, the causing agent is the spirochete bacterium Borrelia burgdorferi (Johnson et al. 1984) , which is transmitted to a number of vertebrate hosts through the bite of the
black-legged tick (Ixodes scapularis Say 1821). The white-footed mouse (Peromyscus leucopus)
is considered the main reservoir for the disease in Eastern North America, with a reservoir competence over 90% (Allan et al. 2003; Keesing et al. 2009; Ogden and Tsao 2009; ). Because tick vectors are very limited in their movement, they rely almost entirely on their hosts to disperse. The movement pattern of P. leucopus mice is thus expected to have a significant effect on the pattern of emergence and spread of Lyme disease in a region.
In recent years there has been a northward range shift and increase in abundance of the whitefooted mouse in Québec (Roy-Dufresne et al. 2013 ). This expansion is expected to facilitate the emergence and spread of Lyme disease in areas where both the main reservoir and tick vector become more abundant Simon et al. 2014 ). Forest habitat is essential to the survival and reproduction of the white-footed mouse (Zollner and Lima 1999) , and its movement across the landscape is constrained by geographical barriers such as large roads and rivers (Rogic et al. 2013; Marrotte et al. 2014) . Habitat fragmentation has been linked to an increase in prevalence of Lyme disease (Keesing et al. 2009 ), as host species diversity is reduced but the D r a f t 4 relative abundance of the white-footed mouse is larger in fragmented habitats (Van Buskirk and Ostfeld 1995; Ostfeld and Keesing 2000; ). As a result, the proportion of infected ticks feeding on P. leucopus increases, due to the lack or lower abundance of other small mammal hosts that are either less competent reservoirs for the disease, or better at removing ticks while grooming (Keesing et al. 2009 ). Smaller forest patches also favours the generalist mice over more specialist species, and many studies reported high densities of P. leucopus in small forest fragments (Nupp and Swihart 1996, 1998; Krohne and Hoch 1999; Wilder and Meikle 2005; Tanner et al. 2010) . At a larger scale, movement pattern of a host species may vary across its distribution range, with individuals from populations at the leading edge of its distribution range having larger home range area and dispersal rate than in core populations (Lindstedt et al.
1986; Dytham 2009).
Beside habitat quality and landscape fragmentation, community-level interactions may alter the density and dispersal rate of P. leucopus populations. The white-footed mouse is a territorial species (Metzgar 1973; Lackey et al. 1985; Wolff and Lundy 1985; Xia and Millar 1989; Wolff 1992 ; Krohne and Hoch 1999; Barko et al. 2003) , which defends its home range (Lackey et al. 1985; Nupp and Swihart 1996) . Home range size tends to be smaller in areas with increased population density, due to increased intra-specific competition (Krohne and Hoch 1999; Wilder and Meikle 2005) .
A number of physiological characteristics and behaviours may also alter the movement pattern of mouse hosts individuals and ticks feeding on them, and studies have reported the stressful effect of high population density in mice (Christian 1956; Davis and Christian 1957; Wilder and Meikle 2005) and other mammals (e.g. Dettmer et al. 2014 Belthoff and Dufty 1998; Oitzl et al. 2010; Nemati et al. 2013) . Stress level in turn, may vary with parasite load (Brown and Fuller 2006; Schwanz 2006; Bauer et al. 2013 , but see Crespi et al. 2013 ). The dispersal rate of an individual depends on several individual-level factors , including age (Hansson 1992) , sex (Wolff 1992) , reproductive status (Gliwicz 1992) , personality (Dingemanse et al. 2003) , and external factors such as the weather (Rizkalla and Swihart 2007) , or the type of matrix through which it would disperse (Mabry and Stamps 2008; Linzey et al. 2012; Marrotte et al. 2014) . Juveniles are the individuals that most often leave their natal home range (Wolff 1992 ) and engage in dispersal movements (Hansson 1992; Sinclair 1992; Wolff 1992; Bollinger et al. 1993; Massot and Clobert 1995) .
A series of factors operating from the continental scale down to the individual are thus determining the movement and dispersal behaviour of a species (Figure 1 ) and here, we apply this framework to the white-footed mouse and the role it plays in the emergence of Lyme disease in Southern Québec. The Montérégie area south of Montréal is mainly agricultural with forest patches of different area scattered throughout the landscape (Marrotte et al. 2014) . The whitefooted mouse is expanding north within this fragmented landscape (Ledevin and Millien 2013; Simon et al. 2014) , and a better understanding of the movement and dispersal pattern of this species will help identify areas of higher risk for Lyme disease. We estimated stress level and parasite load in a number of white-footed mouse individuals to evaluate their relation with movement pattern within the fragmented landscape. We tested the hypothesis that a higher ectoparasite burden will impede the movement rate of their P. leucopus host. We also evaluated the relations between body condition and stress level on movement pattern in these mice. We tested the hypothesis that stress level is higher in individuals with reduced movement rate and home range area.
Materials and methods
Field methods and sampling
The study sites were located in forest fragments in the Montérégie region of Southern Québec, Canada, between 45°48' N and 45°56' N (Table S1 ), in an area covering approximately 0.29 km 2 . We used the Système d'information écoforestière (MRNF 2004) database to extract patch area and edge proportion (ratio of the forest patch area to its perimeter) for each of these forest fragments (Table S1 ). Mice were tracked starting at dusk until 8 hours after sunset (Hicks et al. 1998) , and bearings were taken every 4 or 5 minutes, depending on the number of individuals tracked simultaneously. We obtained the location of each animal every 20 minutes by immediate triangulation (Harris et al. 1990 ) using three 3-element Yagi antennas with an error of 1 meter. In 2012, mice were tracked at 6 sites during 4 non-consecutive nights for 2 weeks starting on July 23rd. In 2013 we reduced the number of sites to four, but increased the tracking period to four weeks, starting on July 15th.
Mice were then re-captured by searching for diurnal refugees during the afternoon and placing
Sherman traps surrounding the refuge overnight. Upon recapture, individuals were euthanized and brought back to the laboratory. Both adrenal glands were sampled on each individual and kept in 95% ethanol for four weeks before being dried at 90˚C for 24h. The mass of each adrenal gland was then measured with a precision scale (0.0001g precision), and we calculated the average mass of both glands for each individual. Adrenal gland hyperplasia and hypertrophy provide an indirect estimate of glucocorticoids levels in an individual (Christian 1956; Davis and Christian 1957; Sapolsky et al. 2000; Ulrich-Lai et al. 2006) , and of the frequency and duration during which an organism has been exposed to stressors in its environment. We used the adrenal gland size as a proxy for stress level because it provides a measurement of prolonged production of glucocorticoids (Davis and Christian 1957; Sapolsky et al. 2000) . The body condition index (residual of the linear regression between log-transformed body mass and head-and-body length) was used as a proxy for the general health status of each individual (Jakob et al. 1996) . All external measurements were taken using the same protocol in the field. Body length was measured using a ruler, while body mass was measured with a Pesola scale to the nearest 0.5 g.
All procedures were approved by the McGill University Animal Care Committee (McGill AUP#5420) and the government of Québec (SEG permits 2012 -07-16-1417 -16-17-SF and 2013 -07-04-1530 .
Movement data
We estimated the geographic coordinates of each location of individual mouse using the location of the antennas and each of the simultaneous bearings using the LOAS 4.0 software (Ecological Software Solutions LLC). We then used BIOTAS 2.0 (Ecological Software Solutions LLC) to estimate the home range area of each individual. Following Millspaugh and Marzluff (2001), we used an 80% fixed kernel, the area where the probability of finding a given individual is 80%, to estimate home range area. We estimated the nightly activity of each individual with movement rate (the average distance moved between bearings in a night divided by the time interval between those bearings), the exploratory movements of each individual (the proportion of bearings that fell outside the home range) and excursions (the proportion of bearings that fell outside the forest patch into other habitats).
Statistical analyses
We used linear mixed effects models to estimate the effect of forest patch characteristics, parasite load, body condition and stress level on the movement pattern of P. leucopus using the package nlme (Pinheiro et al. 2013) and site and year as random factors in our models. We ran distinct models for each movement variable and first checked for the independence of all fixed factors using the vif function in the HH package (Heiberger 2015) in R. We simplified the models by backwards selection using the function drop1 from the stats package (R Core Team 2014). For each model, we retained the model with the lowest Akaike Information Criterion (AIC) as the final model.
We used forest patch area and the proportion of edge to describe the physical characteristics of the patch and as a proxy for habitat quality for the mouse (Simon et al. 2014) . We used the diversity of small mammals in a patch and the abundance of P. leucopus to estimate competition pressure. We determined breeding status as breeding (pregnant or perforated vagina in females or dropped testes in males) versus non-breeding for all mouse individuals. Breeding status and parasite load (number of ticks, bot-fly larvae, fleas and lice) were also included as explanatory factors, as well as the adrenal gland mass and body condition index.
We then used structural equation modeling using all four movement variables and explanatory variables (stress, parasites and patch characteristics) to further explore the pathways in our system simultaneously. We included explanatory variables that were found to be significant in previous analyses. Specifically, we included the mass of the adrenal gland and body condition as physiological variables, the count of ticks to evaluate the effect of parasite load, and small mammal species richness and white-footed mouse density as patch-level characteristics. We evaluated the model significance and calculated path coefficients and their significance level using the package lavaan (Rosseel 2012) in R.
D r a f t
Results
We captured six species of small mammals (Peromyscus leucopus, Peromyscus maniculatus Thirty-two white-footed mouse individuals (15 males and 17 females) were radio-tracked (Table 1) . We were able to recapture 17 mouse individuals and to recover an additional 8 collars.
Five other collars were located but inaccessible, and the signal of the last two collars had disappeared. The recovered collars showed high degree of wearing (to a similar degree than in the recaptured mice), suggesting that the collars had been on the mouse for a long time. One of the collars was found with the carcass of the mouse and two other collars exhibited predation signs. Mortality rate in the white-footed mouse is generally 50% after one month in the wild (Collins and Kays 2014), which fits the mortality rate in our study.
Stress level and parasite load
The adrenal gland mass ranged from 0.0008 to 0.0019g (mean = 0.00125g, sd = 0.00034) and did not differ with breeding status (t = -0.69, p = 0.51, n = 17) or sex (t = -0.62, p = 0.56, n = 17).
Body condition ranged from 0 to 0.60 and averaged 0.28 (sd = 0.14) and did not differ between D r a f t 11 sex (t = -0.012, p = 0.99, n = 32). Breeding mice tended to have a larger body condition index than non-breeding mice (t = -2.89, p < 0.01, n = 32). The adrenal gland size was not correlated with body condition (Pearson r = 0.23, p = 0.37, n= 17) and there was no effect of patch-level characteristics (small mammal diversity, abundance of P. leucopus, forest patch area and proportion of edge habitat) on the adrenal gland size or on body condition (Table S3 ).
Fourteen out of our 32 individuals of white-footed mouse were free of ectoparasite upon capture. A small proportion of mice (5 out of 32) were infested with black-legged ticks, with a tick burden ranging from 0 to 11 (average tick burden per individual of 4.8). All the ticks collected on mice were larvae, except for one nymph. Forty percent of the mice carried botfly larvae, some of them being infested with multiple larvae (up to four). Fleas (1 to 3 fleas per individual) and lice (1 to 11 per individual) were detected in 15% of the mice.
Movement pattern
Home range area was on average 7605 m 2 , ranging from 792 to 20730 m 2 (Table 1) , and it did not significantly differ between males and females (t = 0.14, p = 0.89, n = 32). The maximum distance moved per night by an individual varied greatly, from as low as 48 meters up to 1.9 km in a single night (Table 1 ). The average movement rate per mouse ranged from 1.8 to 7.3, and was on average 3.6 m.min -1 . There was no significant difference in movement rate between males and females (t = -0.93, p = 0.36, n = 32). The proportion of exploratory movements outside the home range varied between 1% and 50% with an average of 22.2% (Table 1) and did not differ between sexes (t = -0.79, p = 0.43, n = 32). The proportion of excursions outside the D r a f t forest patch ranged from 0 to 55% and was on average 11% (Table 1) . No difference was detected between sexes (t = 0.33, p = 0.74, n = 32).
Individual models of movement pattern
We first run a series of linear models on the four movement variables (home range area, movement rate, exploration and excursion rates) separately. The fixed factors included in our models were species richness, small mammal diversity, the abundance of P. leucopus, body condition, adrenal gland mass, breeding status, and parasite counts (number of ticks, fleas, lice and botfly larvae). The variance inflation factors of these variables were all lower than 5, which justify keeping these variables in further models (Miles 2005) . We were able to measure the mass of the adrenal gland only for the 17 mice we recovered, so sample size was 17 in all these models. We first included all the factors in our models (Table S4 ) and present below the four final models, after simplification by backward selection.
After simplification of the model for home range area, the factors kept in the final model were P. leucopus density, adrenal gland mass, body condition, breeding status, flea, tick and lice burdens ( Table 2 ). The adrenal gland mass had a negative effect on home range area, and no other factor was significant. The final model for movement rate included the mass of the adrenal gland, body condition, breeding status as well as the number of fleas and botfly larvae (Table 2) .
Mice with larger adrenal glands and a lower body condition index tended to move less. Mice infested with botfly larvae had significantly larger movement rate, but individuals moved less when carrying a large number of fleas (Table 2) . None of the factors included in our final model had a significant effect on exploration rate. The final model for excursion rate included the mass D r a f t 13 of the adrenal gland, P. leucopus density and tick burden. Of these variables, only ticks had a significant negative effect on excursion rate (Table 2) .
In sum, the adrenal gland size had a negative effect on home range area and movement rate, while body condition had a positive effect on movement rate. Mice infested with more ticks tended to move less outside the forest patch (excursion rate).
Exploratory model
We then used a structural equation modeling (SEM) approach to explore the effect of individualand patch-level characteristics on movement pattern, while taking into account simultaneously the four types of movement variables and all pathways between them (Fig. 2) . We used the results of previous individual analyses to build this more comprehensive model. While the strength of the coefficients (i.e. their value) or their significance level may differ between these two approaches, there was no major difference in the nature of the relations (i.e. the sign of the coefficients) we obtained using either individual linear models, or the SEM.
While we did not detect any factor that had a significant effect on exploration rate (outside the home range area) taken alone (individual model above), exploration rate was positively correlated with movement rate (rho = 0.39, p < 0.026) and negatively correlated with home range area (rho = -0.65, p < 0.0001), so exploration rate was kept in the SEM model (Fig. 2) . Our model was not rejected (p = 0.47, 
Discussion
Stress level and parasite load
Parasite load may have a significant or no effect on stress, depending on the intensity, frequency Table S2 ). The type of data (trapping data versus radio-telemetry), or the protocol used to track animals (the weight of the collar, the type of transmitter used or the frequency of tracking) can influence home range area estimates (Madison 1977; Ribble et al. 2002) , and home ranges estimated from radio-telemetry have been reported to be larger that home ranges estimated from trapping data (Ribble et al. 2002) . The method we used provided real time and accurate measurements on the locations of each animal at least three times each hour for at least 6 hours per night, with light-weight collars (about 5% of the mouse weight). Interestingly, our results are in line with previous work on range estimates for P.
leucopus in Southern Québec (12600 m 2 , Mineau and Madison 1977) and confirm the hypothesis that individuals from populations at the leading edge of the northern limit of a species range may have increased dispersal rate, and therefore larger home range areas.
We found that individuals with larger adrenal glands concentrated their activity in smaller areas and tended to move at a smaller rate, supporting the hypothesis that stressed individuals engage less actively in locomotion (Barnum et al. 1992; Belthoff and Dufty 1998; Oitzl et al. 2010; Nemati et al. 2013 Dettmer et al. 2014) . Even though we did not find a direct link between mouse density and the adrenal gland size, the adrenal gland size and mouse density negative relationships with both home range area and movement rate support this hypothesis. Altogether, our findings indicate that stressed individuals in heavily populated areas tend to engage less into locomotion, most likely to avoid aggression by conspecifics (Wolff 1985; Wolf and Batzli 2004) .
Increased movement led to more exposure to parasites in the Siberian chipmunk (Tamias sibiricus) (Boyer et al. 2010) . Interestingly, movement pattern in our study individuals was related with parasite load, where increased loads of ticks decreased the movement rate of the individual, as well as their excursion rate. Animals with higher tick loads have not been reported before to have an increased metabolic demand or to be significantly stressed (Barnard and Behnke 2006; Hersh et al. 2013) . Accordingly, our results indicate that larger tick-load does not lead to an increased movement rate, as it would be expected if foraging needs of these individuals were increased.
Dispersal
We found that breeding status or sex did not have any effect on the propensity to forage outside the home range in the white-footed mouse. However, we did not fit any juvenile individual (below 15g) with a collar, and may have thus missed those individuals that are the most prone to dispersal.
D r a f t
We observed that population density was positively related with excursive behaviours in P.
leucopus, while animals with a larger excursion rate also had a larger home range. Home range area has been positively correlated with dispersal (Trewhella et al. 1988; Bowman et al. 2002) , and our results are in line with these studies, as an excursive movement is necessary for dispersal beyond the limits of the forest.
At our study sites, excursions did not depend on the type of habitat and occurred in mowed lawn, orchards, tall grasses, crop field or clearings. Several authors have also observed P.
leucopus individuals moving outside the forest patches through edge rows (Merriam and Lanoue 1990; Wilder and Meikle 2006) and tall crop fields (Cummings and Vessey 1994; Batzli 2002, 2004; Marrotte et al. 2014) , observations that were confirmed in our study.
Individuals performing excursions towards crop fields were very common, and wherever available, they would be used to forage at night.
Movement outside the home range of an animal is often referred as an exploratory movement or commuting movement (McReynolds 1962; Jedrzejewski et al. 2001; Dingemanse et al. 2002) .
This type of movements allows for information gathering that can be used to track changes in the environment that eventually will have consequences on the behaviour of an individual, such as a shift or change in home range (Archer and Birke 1983) . Exploration rate in our model was positively related with movement rate and negatively related with home range area. The later suggests that organisms with larger home range have more resources available in their own home range, therefore have a lower need for leaving it to engage in commuting trips (Stickel 1968), whereas those with smaller home range need to engage more often in exploration movements to look for resources that may not be available in their own home range (Stickel 1968; Archer and D r a f t Birke 1983; Wolf 1985) , or to look for new areas on which they can expand their small home range (Doak et al. 1992; Gliwicz 1992; Ferriere et al. 2000; Nathan 2001 ).
Our study also indicated that animals that move more and faster are more likely to perform exploratory movements than those who have lower movement rate, a required feature for an animal exploring for resources or dispersing (McShea and Madison 1992; Maier 2002; ) . The opposite effects of home range area and movement rate on exploratory rate indicate that exploration will be engaged through increased locomotion in situations where the home range area is not sufficient to supply the requirements of an individual.
Conclusion
The white-footed mouse is a generalist species currently increasing its range and most likely to continue to do so in the current context of changing climate (Roy-Dufresne et al. 2013 ). The constant tracking for extended periods of time we conducted here revealed activity patterns that had not been often seen in the wild, including larger home range, real time tracking outside forest patches and empirical evidence for the relation between stress level and movement pattern.
White-footed mouse individuals were capable of very long movements in a single night, and there were very few habitats it avoided. We did not detect any effect of most parasites on the size of the adrenal gland in the individuals we tracked in the field, nor on their movement pattern with the exception of a negative relation between tick load and movement rate and excursion rate. While stemming from relatively limited data, our result suggests a decrease in mobility that may decrease the chance of a mouse with large tick-burden to expand or change its home range and a decreased chance for a mouse to be parasitized by ticks when foraging only within its D r a f t home range. We also found that the population density of the white-footed mouse played a major role in regulating individual home range area, movement, and excursion rates. Population density, which is modulated by habitat quality within the patch and the type of habitat surrounding a forest patch (Simon et al. 2014) , may thus be a good predictor of sites where individuals have a higher chance of engaging into a dispersal movement and entering in contact with people (Fig. 1) .
Given the central role of the white-footed mouse in the transmission cycle of Lyme disease in eastern North-America, our findings have implications for the prediction of the rate of spread of Lyme disease in a region where it is currently rapidly emerging. We conclude that in addition to landscape and habitat variables, individual traits affecting the movement and dispersal of the white-footed mouse, should be taken into account to better estimate the role of this species in spreading the pathogen to tick vectors and communities of hosts found across the landscape. This is an important outcome of our work, since a better understanding of the dispersal behaviour of the white-footed mouse is key for predicting future high-risk areas for Lyme disease, and helping to develop management plans and mitigate its impact on the public health in the region. Table 3 . Dotted lines on the two paths at the bottom were not tested in the model.
